An adaptive immune system in archaea and bacteria that functions by inserting fragments of foreign genomes into CRISPR arrays and using the transcripts of the resulting spacers as guide RNAs to detect and inactivate the cognate genetic elements. 1, 8, 9 , Feng Zhang 3, 6, 7, 10, 11 and Eugene V. Koonin 2 Abstract | Class 2 CRISPR-Cas systems are characterized by effector modules that consist of a single multidomain protein, such as Cas9 or Cpf1. We designed a computational pipeline for the discovery of novel class 2 variants and used it to identify six new CRISPR-Cas subtypes. The diverse properties of these new systems provide potential for the development of versatile tools for genome editing and regulation. In this Analysis article, we present a comprehensive census of class 2 types and class 2 subtypes in complete and draft bacterial and archaeal genomes, outline evolutionary scenarios for the independent origin of different class 2 CRISPR-Cas systems from mobile genetic elements, and propose an amended classification and nomenclature of CRISPR-Cas.
CRISPR-Cas systems provide adaptive immunity in archaea and bacteria [1] [2] [3] [4] [5] . The structural features and mechanisms of CRISPR-Cas are described in detail in several recent reviews [3] [4] [5] [6] . In brief, the CRISPR-Cas response consists of three stages. During the first stage, known as adaptation, the Cas1-Cas2 protein complex (which, in some cases, contains additional subunits) excises a segment of the target DNA (known as the proto spacer) and inserts it between the repeats at the 5′ end of a CRISPR array, yielding a new spacer. In the expression and processing stage, a CRISPR array, together with the spacers, is transcribed into a long transcript known as the pre-CRISPR RNA (pre-crRNA) and is processed by a distinct complex of Cas proteins (which, in some cases, involves additional proteins and RNA molecules) into mature small CRISPR RNAs (crRNAs). Finally, during the interference stage, a complex of Cas proteins (typically, a modified processing complex) uses the crRNA as a guide to cleave the target DNA or RNA. Similarly to other defence mechanisms, CRISPR-Cas systems have evolved in the context of an incessant arms race with mobile genetic elements, which has resulted in extreme diversification of Cas protein sequences and in the architecture of the CRISPR-cas loci [7] [8] [9] [10] [11] [12] . Owing to this diversity and the lack of universal cas genes, a comprehensive classification of CRISPR-Cas systems cannot be generated as a single phylogenetic tree, but requires a multifaceted approach that combines the identification of signature genes with phylogenetic trees and the analysis of sequence similarity between partially conserved cas genes, as well as the comparison of the loci organization 13, 14 . The latest published classification of CRISPR-Cas systems includes two classes that are sub divided into five types and 16 subtypes 15 . Shortly after this classification, a sixth type and three additional subtypes were identified 16 . Class 1 CRISPR-Cas systems, which have multisubunit effector complexes, are most common in bacteria and archaea (including in all hyperthermophiles), comprising ~90% of all identified CRISPR-cas loci 15 . The remaining ~10% of CRISPR-cas loci belong to class 2 CRISPR-Cas systems (which use a type II, type V or type VI effector protein); these systems are found almost exclusively in bacteria and have not been identified in hyperthermophiles 15, 17 . CRISPR-Cas systems are characterized by pronounced functional and evolutionary modularity 8 . The adaptation module, which is responsible for spacer acquisition shows limited variation among the diverse CRISPR-Cas systems 15 . By contrast, the CRISPR-Cas effector module, which mediates the maturation of crRNAs, as well as target recognition and cleavage, is more versatile in gene composition and locus architecture; this led to the two classes of CRISPR-Cas system being defined based on the organization of their effector modules 15 . The effector complexes of class 1 systems consist of 4-7 Cas protein subunits in an uneven stoichiometry, as exemplified by the CRISPR-associated complex for antiviral defence (Cascade) of type I systems [18] [19] [20] [21] , and the Csm-Cmr complexes of type III systems [22] [23] [24] [25] . By contrast, the characteristic feature of class 2 systems is an effector module that consists of a single, multidomain
Interference
The final phase of the CRISPR immune response, during which the target DNA (or less commonly, RNA) is recognized by a CRISPR effector through the bound CRISPR RNA (crRNA) and cleaved by the effector nuclease or nucleases.
protein. The relatively simple architecture of their effector complexes has made class 2 CRISPR-Cas systems an attractive choice for use in the new generation of genome-editing tools [26] [27] [28] [29] . Before the analysis reported here, five (predicted) class 2 effectors had been described -Cas9, Cpf1, C2c1, C2c2 and C2c3 -the most common and best studied of which is the type II effector, Cas9. Cas9 is a crRNAdependent endonuclease that contains two unrelated nuclease domains, RuvC and HNH, which are responsible for cleavage of the displaced (non-target) and target DNA strands, respectively, in the crRNA-target DNA complex 26, [29] [30] [31] [32] [33] . Type II CRISPR-cas loci also encode a trans-acting CRISPR RNA (tracrRNA) that might have evolved from the corresponding CRISPR and that is essential for pre-crRNA processing and target recognition in type II systems 26, [34] [35] [36] . The amino acid sequence of Cpf1, which is the prototype type V effector, contains only one readily detectable nuclease domain, RuvC 15, 37, 38 . However, structures of Cpf1 in complex with crRNA, or with both crRNA and target DNA, revealed a second nuclease domain with a unique fold that is functionally analogous to the HNH domain of Cas9 (REFS 39, 40 ). An important difference between Cpf1 and Cas9 is that Cpf1 is a single-RNA-guided nuclease that does not require a tracrRNA. Furthermore, the Cpf1 protein itself is responsible for pre-crRNA processing, although the nature of its RNase activity is not characterized 41 . Cpf1 also differs from Cas9 in its cleavage pattern and in its protospacer-adjacent motif (PAM), which determines which targets are cleaved 38 . These differences suggest that the discovery of novel class 2 effectors could enhance the application of CRISPR systems to genome engineering. Furthermore, the discovery of two distantly related class 2 effector proteins, Cas9 and Cpf1, suggests that other distinct variants of such systems could exist. Prompted by these findings, we developed a computational pipeline to systematically identify novel class 2 CRISPR-cas loci in genomic and metagenomic sequences. Using Cas1, which is the most highly conserved Cas protein, as a seed, we identified three previously unknown class 2 subtypes, two of which contained effectors that are distantly related to Cpf1 and were included as additional subtypes in type V; the third novel class 2 subtype became the newly classified type VI subtype 16 . The expression and ability to cause interference of two of these proteins, denoted C2c1 and C2c2, have been experimentally demonstrated 16, 42 . In this Analysis article, we expand on our previous findings 16, 42 and describe further analysis that we believe provides a comprehensive census of class 2 effectors in sequenced bacterial and archaeal genomes. This new analysis stems from the observation that many known CRISPR-Cas systems are non-autonomous; that is, they depend on Cas1 and Cas2 proteins that are supplied by other CRISPR-cas loci in the same genome, and, as such, their loci lack cas1 (REF. 15 ) and will not have been detected in our previous analyses 15, 16 . We extended the search for novel class 2 systems by using the CRISPR array itself as the seed. Consequently, we identified novel, putative class 2 effectors that were missed in the previous analyses 15, 16 and which belong to at least three new CRISPR-Cas subtypes. We further discuss the evolutionary implications of our findings, including evidence of a crucial role for mobile genetic elements in the independent origin of different types and subtypes of class 2 CRISPR-Cas systems.
Comparative genomics and evolution
The previously developed computational pipeline that is extended in this analysis is shown in BOX 1 and is further explained in Supplementary information S1 (box). Using Cas1 as the seed, two new type V subtypes (effectors that contain a RuvC-like nuclease domain that is distantly related to that of Cas9) and one new type VI subtype (a putative effector that contains two higher eukaryotes and prokaryotes nucleotide-binding domains (HEPN domains)) were identified 16 . When CRISPR was used as the seed to detect non-autonomous class 2 systems in this analysis, three new subtypes were detected, including an additional heterogeneous subtype of putative type V systems and two subtypes of type VI systems (see Supplementary information S2 (box), part a). We expect that the detected variants almost completely represent the diversity of class 2 CRISPR-Cas systems that are detectable in currently available genomes, given that all large proteins (that is, putative class 2 effectors) that are encoded near a cas1 gene and/or a CRISPR array were analysed in detail in this work.
Subtypes V-A, V-B and V-C identified using a Cas1 seed: large multidomain effectors. The distinctive feature of type II and type V CRISPR-Cas sequences is the presence of a RuvC-like nuclease domain in their multidomain effector proteins. In the type II effector Cas9, the RuvC-like domain contains an inserted HNH nuclease domain (FIGS 1, 2) . Other than the RuvC-like domain, the effector proteins of the three type V subtypes do not share any detectable sequence similarity to each other or 
Class 2 CRISPR-Cas systems
One of the two major divisions of CRISPR-Cas that is characterized by effector modules that consist of a single, large protein with endonuclease activity. to Cas9. However, the only available crystal structures of class 2 effectors, specifically those of Cas9 and Cpf1, reveal that they have a common structural framework (see above) 39, 40 . The structures of the putative, large, type V effectors that were discovered using the cas1 seed, namely those of the subtype V-B and subtype V-C, are unsolved, but the subtype V-B effector C2c1 was shown to have robust interference activity 16 . All of the class V effectors that were identified at this stage share a similar, large size (typically, 1,000-1,300 amino acid residues) and a single common domain, the RuvC-like endonuclease domain, although the sequence similarity between the effector proteins of different subtypes is extremely low. It is likely that all type V effectors adopt similar bilobed structures that hold together the crRNA and target DNA, although the effector proteins of different subtypes do not seem to be directly related.
Trans-acting
The search for homologues of the type II and type V effectors showed that the RuvC-like nuclease domains are related to TnpB proteins, an extremely abundant but poorly characterized family of nucleases that are encoded by many autonomous (that is, those that encode an active transposase, denoted TnpA, and mediate their own transposition) and even more numerous We have developed a computational pipeline for the systematic detection of class 2 CRISPR-Cas systems (see the figure) . The procedure begins with the identification of a 'seed' that signifies the likely presence of a CRISPR-cas locus in a given nucleotide sequence (see the figure; the steps in the procedure are numbered in the order in which they occur). In the previously reported analyses 15, 16 , we used Cas1 as the seed, as it is the most common Cas protein in CRISPR-Cas systems and is most highly conserved at the sequence level 9 . In this article, we update this part of the analysis by searching the current sequence databases (Supplementary information S1 (box)). To ensure the maximum sensitivity of detection, the search was carried out by comparing a Cas1 sequence profile to translated genomic and metagenomic sequences. After the cas1 genes were detected, their respective 'neighbourhoods' were examined for the presence of other cas genes by searching with ~400 previously developed profiles for Cas proteins and applying the criteria for the classification of the CRISPR-cas loci 15 . In a complementary approach, to extend the search to non-autonomous CRISPR-Cas systems, the same procedure was repeated using the CRISPR array as the seed. To ensure that the CRISPR array was detected at a high level of sensitivity, the predictions that were made using the Piler-CR 72 and CRISPRfinder 73 methods were pooled and taken as the final CRISPR set (see the figure) . This procedure yielded 47,174 CRISPR arrays, which is more than twice the number of cas1 genes that were detected, reflecting the fact that many CRISPR-cas loci lack the adaptation module and that numerous 'orphan' arrays, some of which seem to be functional, also exist 74 . All loci that were assigned to known CRISPR-Cas subtypes through the Cas protein profile search were discarded from the subsequent analysis, given that the search aimed to discover new subtypes. Among the remaining cas1 and CRISPR neighbourhoods, those that encoded large proteins (>500 amino acids) were analysed in detail, given that Cas9 and Cpf1 are large proteins (typically >1000 amino acids) and that their protein structures suggest that this large size is required to accommodate the CRISPR RNA (crRNA)-target DNA complex 30, 31, 40 . The sequences of such large proteins were then screened for known protein domains using sensitive profile-based methods, such as HHpred, secondary structure prediction and manual examination of multiple alignments (Supplementary information S1 (box)). Under the premise that class 2 effector proteins contain nuclease domains, even if they are distantly related or unrelated to known families of nucleases, the proteins that contain domains that are deemed irrelevant in the context of the CRISPR-Cas function (for example, membrane transporters or metabolic enzymes) were discarded. The retained proteins either contained readily identifiable, or completely unknown, nuclease domains. The sequences of these proteins were then analysed using the most sensitive methods for domain detection, such as HHpred, with a curated multiple alignment of the respective protein sequences that were used as the query. The use of sensitive methods is essential because proteins that are involved in antiviral defence, and the Cas proteins in particular, typically evolve extremely fast 9, 75 . Note that the depicted procedure for the discovery of class 2 CRISPR-Cas systems, at least in principle, is expected to be exhaustive, because all loci that contain a gene that encodes a large protein (that is, a putative class 2 effector) in the vicinity of cas1 and/or CRISPR are analysed in detail. The assumption of the structural requirements for a class 2 effector, which underlie the protein size cut-off that is used, and the precision of cas1 and CRISPR detection, are the only limitations of this approach. BLAST, basic local alignment search tool. 
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Bergeyella zoohelcum HMPREF9699_02005 Figure 1 | The updated classification scheme for class 2 CRISPR-Cas systems. The class 1 systems are collapsed; all other systems shown are class 2 systems. New class 2 systems that were discovered using the computational pipeline in this study (see BOX 1) are indicated with blue circles for those that were described previously 16 and with red circles for those that are presented here for the first time. For each class 2 system subtype, as well as for the five distinct variants of the provisional V-uncharacterized (V-U) subtype, the locus organization and the domain architecture of the effector and accessory proteins are schematically shown. RuvC-I, RuvC-II and RuvC-III are the three distinct motifs that contribute to the nuclease catalytic centre; numerals in the figure correspond to the respective RuvC motif. The portions of Cas9 proteins that roughly correspond to the recognition lobe and the protospacer-adjacent motif (PAM)-interacting domain are shown by maroon and pink shapes, respectively. The proposed new systematic gene names are shown in bold type in red boxes. Provisional gene names for effector protein candidates are shown below the respective shapes as follows: C2c1-10, class 2 candidate proteins 1-10; for subtype V-A, the previously introduced vernacular cpf1 is indicated. For subtype VI-A, cas1 and cas2 are shown with dashed contours to indicate that only some of these loci include the adaptation module. For the V-U5 variant, the inactivation of the RuvC-like nuclease domain is indicated by a cross. The specific strains of bacteria in which these systems were identified and locus tags for the respective protein-coding genes are also indicated. The abbreviation TM indicates a predicted transmembrane helix. The predicted type of target, namely DNA or RNA, is indicated for each subtype. A question mark next to the target indicates that the activity is only predicted and has not been demonstrated experimentally. The target is not indicated for the type V-U systems because their RNA-guided interference capacity is questionable, which is additionally emphasized by shading. tracrRNA, trans-acting CRISPR RNA.
non-autonomous (that is, those that consist solely of the tnpB gene and rely on transposases from other elements for their transposition) bacterial and archaeal transposons [43] [44] [45] (FIG. 3a) . In addition to the RuvC-like nuclease domain, TnpB proteins contain a predicted, positively charged, long α-helix that seems to be the counterpart to the bridge helix, which is a common feature of Cas9 and Cpf1 (FIG. 2) . Thus, similar to the class 2 effectors, the TnpB proteins are predicted to bind to RNA. Moreover, it has been reported that a TnpB protein from the haloarchaeon Halobacterium salinarum binds to short overlapping sense transcripts of its own gene 46 . Biochemical and biological characterization of TnpB should shed light on the evolution of the functions of class 2 CRISPR-Cas effectors.
The closest relatives and possible ancestors of Cas9 were identified on the basis of readily detectable sequence similarity and on the presence of the HNH insert in the RuvC-like nuclease domain of a distinct family of TnpB proteins that was denoted IscB (insertion sequences Cas9-like protein B) 17, 45 . It is difficult to confidently trace a direct connection between type V effector proteins and a particular group of TnpB proteins, because type V effector proteins show less similarity to TnpB proteins than Cas9 shows to IscB proteins. Nevertheless, the effectors of the three subtypes of type V systems are similar to different TnpB families, which suggests independent origins of the effectors of different type V subtypes from the pool of tnpB genes 16 . Subtype V-U identified using a CRISPR seed: small putative effectors. The search for CRISPR-cas loci that lack the adaptation module (that is, loci that were identified with a CRISPR seed but not with a cas1 seed; see BOX 1) yielded several additional variants of putative type V systems (FIGS 1, 2) that might help to explain how CRISPR-Cas effectors evolved from TnpB. The putative effector proteins of these loci, which we have provisionally assigned to subtype V-U (where the 'U' stands for Nature Reviews | Microbiology Type V-B Cas12b (C2c1)
Type VI-A Cas13a (C2c2) For each protein, the corresponding number of amino acids is indicated, and a ruler is shown on top of the figure to guide the eye. For the functionally characterized full-length effectors, the proposed new nomenclature (Cas12 and Cas13) is indicated, whereas for the uncharacterized putative effectors of type V-uncharacterized (V-U), only the provisional names are indicated. When, and if, functional evidence of a bona fide CRISPR response is reported for these effectors, they should be referred to as Cas12 proteins with the corresponding specifying letters. The putative V-U1, V-U2 and V-U5 effectors are larger than the typical TnpB proteins, whereas the V-U3 and V-U4 effectors are in the characteristic size range of TnpB. The asterisk at C2c5 indicates that this putative effector protein contains replacements of the catalytic residues of the RuvC-like nuclease domain and lacks the zinc finger.
◀ 'uncharacterized'; see below), share two features that distinguish them from type II and type V effectors that are found at CRISPR-cas loci that contain Cas1 (FIG. 2) . First, these proteins are much smaller than class 2 effectors that contain Cas1, comprising between ~500 amino acids (only slightly larger than the typical size of TnpB) and ~700 amino acids (between the size of TnpB and the typical size of the bona fide class 2 effectors). Second, Nature Reviews | Microbiology
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Phaeodactylibacter xiamenensis KD52 information S1 (box) ). The major subtrees of transposon-encoded TnpB proteins are collapsed and indicated by triangles; some of these large groups include tnpB genes that are adjacent to CRISPR arrays, but these do not show evolutionary stability and thus cannot be identified as effectors. The four distinct evolutionarily stable groups of CRISPR-associated TnpB assigned to subtype V-U are shown by red triangles. Altogether, the tree includes 1,770 unique TnpB sequences, 403 of which are TnpB proteins that are encoded next to TnpA (autonomous transposons); 168 of these tnpB genes are adjacent to CRISPR arrays, and of these, 49 are assigned to four variants of subtype V-U (none of these belongs to autonomous transposons). In the subtrees that include the subtype V-U variants, bootstrap values (percentages) are shown for those subtrees that include the distinct V-U variants. For each type V-U variant, the bacterial taxa that these putative effectors show a higher level of similarity to TnpB proteins than the larger type I and type V effectors (see Supplementary information S3 (figure) ). In particular, three groups of TnpB homologues, which are included here in subtype V-U (denoted V-U1, V-U2 and VU-5), showed evolutionary stability in terms of sequence conservation, consistent association with CRISPR arrays and presence in distinct groups of bacteria (FIGS 1,2; see  below) . A more detailed examination showed that, within each of these groups, in closely related bacterial genomes the respective loci were genuinely orthologous, as indicated by the gene synteny conservation.
In view of the identification of these smaller CRISPRassociated TnpB homologues, we ran the pipeline (BOX 1) with the requirement for the minimal length of the protein adjacent to the CRISPR array removed, and examined the results for the presence of additional TnpB homologues. Numerous CRISPR-associated TnpB homologues were detected in the size range that is typical of the transposon-encoded TnpB, that is, ~400 amino acids (Supplementary information S2 (box), part a). Most of these loci were not evolutionarily conserved and were thus of questionable functional relevance. However, we additionally detected two distinct groups of such smaller CRISPR-associated TnpB (V-U3 and V-U4) with characteristics that are similar to those of the three subtype V-U groups that have intermediately sized CRISPR-associated TnpB (FIGS 1,2; Supplementary information S4 (figure)).
Notably, the genes for the putative effectors of subtype V-U showed signs of purifying selection on protein sequences (as indicated by the low values of the nonsynonymous to synonymous nucleotide substitutions, dN/dS), which was found to be particularly strong for the subtype V-U3 group (Supplementary information S2 (box), part b, and Supplementary information S4 (figure)). Taken together, these observations imply that the respective TnpB homologues have CRISPR-dependent functions and, in our view, justify the designation of the respective loci as subtype V-U.
For the larger bona fide type V effectors, low sequence conservation precluded reliable phylo genetic analysis, whereas a robust tree could be constructed for the smaller CRISPR-associated homologues, together with the typical transposon-encoded TnpB (see Supplementary information S1 (box) and Supplementary information S2 (box), part c). The topology of this tree indicated that four of the five distinct variants of subtype V-U (hereafter referred to as subtypes V-U1, V-U2, V-U3, V-U4 and V-U5) originated from different TnpB families (FIG. 3a) , which is in agreement with the hypothesis of the independent evolution of different class 2 subtype effectors from transposon-encoded nucleases. The fifth variant (subtype V-U5), which is found in various cyanobacteria, consists of diverged TnpB homologues that have several mutations in the catalytic motifs of their RuvC-like domain and was accordingly not included in the phylo geny here. Of the five stable variants, subtype V-U1 is found in diverse bacteria, whereas the remaining subtypes are largely limited in their spread to particular bacterial taxa (FIG. 3a; Supplementary information S2 (box), part d). We further extended this evolutionary analysis to all putative type V effectors by building a cluster dendro gram based on the distances that were derived from profile-to-profile comparisons of the respective protein sequences (Supplementary information S1 (box)). The results suggest that the effectors of each of the identified subtypes, as well as the five distinct variants in subtype V-U, originated independently from different TnpB families (Supplementary information S5  (figure) ).
The subtype V-U TnpB-like proteins are too small to adopt a bilobed structure of sufficient size to accommodate the crRNA-target DNA complex, as the typical class 2 effectors do, and, therefore, are unlikely to function in that capacity without additional partners. Furthermore, the subtype V-U loci lack any additional cas genes (FIG. 1) , which, together with the above structural considerations, calls for caution in predicting that they have fully fledged CRISPR activity. Nevertheless, the evolutionarily stable association of at least five distinct subtype V-U variants with CRISPR arrays implies that at least some of these proteins do carry out CRISPR-dependent biological functions. Such functions might involve a typical CRISPR response that is aided by Cas proteins from other loci and/or by additional non-Cas proteins. Remarkably, the CRISPR arrays that are associ ated with group V-U3, which is mostly found in bacilli and clostridia, contain several spacers that match the genomic sequences of bacteriophages that infect these bacteria (Supplementary information S2 (box), part e). Furthermore, the sets of spacers in each subtype V-U group were completely different, even between closely related bacterial genomes (Supplementary information S2 (box), part e), which implies active spacer turnover. The diversity of the spacers and the presence of the phage-specific spacers in group V-U3 imply that at least some subtype V-U variants are functional CRISPR-Cas systems that are engaged in anti-phage adaptive immunity. Many of the complete genomes that contain group V-U3 and group V-U4 loci lack any additional CRISPR-Cas systems (Supplementary information S2 (box), part f), which makes it puzzling as to how these systems acquire their spacers. Alternatively, some of the subtype V-U systems might have distinct regulatory roles that do not require the formation of a ternary complex with the crRNA and the DNA target; indeed, several non-defence functions of CRISPR-Cas have been described 47 . This possibility is particularly plausible for the V-U5 variant, which seems to encompass a catalytically inactive TnpB homologue (FIG. 2, denoted C2c5*; Supplementary information S3 (box)). Furthermore, in genomes that contain the group V-U2 and group V-U5 loci, along with other CRISPRCas systems, the CRISPR sequences that are associated with the former loci are unique (Supplementary information S2 (box), part f), which suggests that these subtype V-U systems have distinct functions.
Subtypes VI-B and VI-C identified using a CRISPR seed: RNA-targeting CRISPR-Cas. The signature of type VI systems is the presence of an effector protein that contains two HEPN domains (FIGS 1,2) . HEPN domains are common in various defence systems, the experimentally characterized of which, such as the toxins of numerous prokaryotic toxin-antitoxin systems or eukaryotic RNase L, all have RNase activity 48, 49 . Therefore, the first putative type VI effector, denoted C2c2, was predicted to function as an RNA-guided RNase 16 . Subsequently, this prediction was experimentally validated, and the type VI effectors were shown to protect against the RNA bacterio phage MS2 (REF. 42 ). In addition, a novel feature of C2c2 is that, once primed with the cognate target RNA, the effector becomes a promiscuous RNase that has a toxic, growth-inhibitory effect on bacteria. These findings demonstrate a coupling between adaptive immunity and programmed cell death (or dormancy induction) that was previously predicted through comparative genomic analysis 50 and mathematical modelling 51 . More recently, the C2c2 protein was shown to mediate not only interference but also the processing of pre-crRNA 52 .
The search for CRISPR-cas loci using the CRISPR seed identified two additional large putative effectors that contained two HEPN domains and which we assigned to subtype VI-B and subtype VI-C, respectively (accordingly, the C2c2-encoding loci became subtype VI-A). This classification of the type VI systems into separate subtypes is justified by the extremely low sequence similarity between the three groups of effectors, which is practically limited to the catalytic motif of the HEPN domain, the different positions of the HEPN domains with the large protein sequences, and the additional features of the locus architecture in the case of subtype VI-B (FIGS 1,2; Supplementary information S2 (box), part d). Specifically, the two distinct variants of subtype VI-B (variants VI-B1 and VI-B2) both encode additional proteins that contain predicted transmembrane domains; VI-B1 encodes four of these and VI-B2 encodes one (FIG. 3b; Supplementary information S2 (box), part d) . Phylogenetic analysis of the effector proteins suggests that the VI-B1 and VI-B2 variants diverged during evolution in accordance with the distinct architectures of the associated predicted membrane proteins (FIG. 3b; Supplementary information S2 (box), part d). VI-B1 systems that contain several transmembrane domains might localize to membranes and thus could include membrane-associated RNA-targeting systems, which would be a novel feature in the biology of CRISPRCas. Furthermore, the single-transmembrane protein of variant VI-B2 encompasses an additional HEPN domain, which is the third one in the type VI system (FIG. 3b; Supplementary information S2 (box), part d, and Supplementary information S6 (figure) ).
Given that all of the putative type VI effectors that have been discovered so far are similar in size to the active class 2 effectors of subtype VI-A 48 , even the loci that lack cas1 are likely to be functional CRISPR-Cas systems that rely on adaptation modules from other loci in the same genome. Moreover, given that RNA viruses only represent a minor part of the prokaryotic virome 53 , type VI systems might primarily elicit toxin activity in response to the active transcription of foreign DNA. This mechanism might not be limited to type VI systems, given the presence of HEPN domains in poorly characterized Cas proteins in many other CRISPR-Cas systems. Indeed, the RNase activity of the HEPNcontaining Csm6 and Csx1 proteins in type III systems has been demonstrated 54, 55 , although their functions in the CRISPR response remain to be studied.
Census of class 2 CRISPR-cas loci
The design of our CRISPR-Cas discovery pipeline implies that the analysis described in this article has identified nearly all variants of class 2 systems present in the bacterial and archaeal genomes that are currently available
. Given that the current databases include only a small proportion of the entire inferred microbial diversity of the biosphere [56] [57] [58] [59] , the discovery of new CRISPR-Cas subtypes, or even of novel CRISPR-Cas types, is likely. However, such novel variants are expected to be either extremely rare or limited in their spread to specific groups of microorganisms that are, at present, poorly sampled.
Comprehensive census of class 2 CRISPR-cas loci in bacteria and archaea. We were interested in a comprehensive census of class 2 types and subtypes in the current set of complete bacterial and archaeal genomes. To this end, we constructed sequence profiles for the effectors of all identified class 2 subtypes (two separate profiles were used for the variants V-U1, V-U2 and V-U5; the V-U3 and V-U4 variants were not included in the census because, in database searches, they cannot be readily distinguished from transposon-encoded TnpB) and compared these with the proteins that are encoded in the 4,961 completely sequenced prokaryotic genomes and 43,599 partial prokaryotic genomes that are available from the National Center for Biotechnology Information (NCBI) database (Supplementary information S1 (box)). This procedure should detect almost all instances of each effector, including highly diverged variants. The neighbourhoods of the respective genes were then examined for the presence of CRISPR arrays and additional cas genes, as described previously 15 . The most remarkable observation is the substantial dominance of type II, which is represented in about 8% of bacterial genomes, among the class 2 systems (TABLE 1) . Both type V and type VI are more than an order of magnitude less abundant, which is in agreement with the expectation that the CRISPR-Cas types and subtypes that remain to be discovered are rare variants 15 . An intriguing question is whether the type II CRISPR-Cas system provides a substantial fitness advantage, perhaps being more efficient in defence and/or incurring a lower cost than other class 2 variants. Most of the class 2 subtypes are represented in taxonomically diverse bacteria, and, furthermore, for type II and subtype V-A, the effector tree topologies differ from the topology of the species tree 17, 38 . These observations indicate that horizontal gene transfer might be a key process in the evolution of CRISPR-Cas. However, it is notable that the relatively abundant subtype VI-B seems to be restricted to the phylum Bacteroidetes, which perhaps reflects a unique aspect of the biology of these bacteria. Similarly, the V-U5 variant, which contains an inactivated TnpB homologue, is limited to cyanobacteria (see above), and could be involved in a distinct cyanobacterial regulatory pathway. As has been previously noted 13, 15 , and is emphasized by this expansion of the diversity of class 2 systems, apart from the identification of subtype V-A in mesophilic archaea in two instances, class 2 systems are unique to bacteria. The exclusion of class 2 systems from archaea, particularly from hyperthermophiles in which class 1 systems are ubiquitous, implies that there is a major functional distinction between the two classes of CRISPR-Cas system, the nature of which remains enigmatic.
Origins of class 2 CRISPR-Cas systems.
In an extension of the previous hypothesis on the independent origins of the effectors in different types and subtypes of class 2 CRISPR-Cas systems, we use the findings on incomplete type V loci to propose a more specific evolutionary scenario (FIG. 4) . As discussed above, at least five distinct variants within subtype V-U show a substantial degree of evolutionary stability and consistent association with CRISPR arrays, and typically contain TnpB homologues that are intermediate in size between the compact transposon-encoded TnpB proteins and the large class 2 effectors (FIGS 2,3b) . These groups of TnpB homologues might represent intermediate stages in independent pathways to the emergence of new CRISPR-Cas variants. The other CRISPR-tnpB associations are not evolutionarily conserved and are likely to result from more or less random insertions of tnpB genes next to CRISPR arrays; some of these loci could represent the earliest stages of the evolution of CRISPR-Cas systems.
All subtype V-U loci lack adaptation modules, which suggests that the first stage of the evolution of new class 2 CRISPR-Cas systems involves the random insertion of a TnpB-encoding element next to an orphan CRISPR array (FIG. 4) . At the next stage of evolution, the associ ation between CRISPR and a TnpB derivative would become fixed in the microbial population, conceivably owing to the emergence of a novel function, the exact nature of which remains to be understood. This would be accompanied by an increase in the size of the protein through internal duplications and/or the insertion of additional domains (FIG. 5) . The final stages include further growth of the effector protein, resulting in the typical bilobed structure, and, in some cases, its association with an adaptation module through recombination with a different CRISPR-cas locus (FIG. 4) . Compatible with this scenario, the Cas1 proteins of different subtypes of type II and of type V are homologous to different subtypes of type I 16 . The fact that no subtype V-U loci contain cas1 and cas2 genes, whereas many of the loci that encode typical large effector proteins do, strongly suggests that the adaptation modules came last.
The above scenario might be challenged in regard to the directionality of evolution: the possibility could be considered that the transposon-encoded TnpB protein actually evolved from class 2 effectors. However, the scenario in which transposon-encoded TnpB is the ancestral form (FIG. 4) seems much more likely. First, TnpB-encoding transposons (autonomous and nonautonomous, including some that have lost mobility) are far more abundant across a broad range of bacteria and archaea than class 2 CRISPR-Cas systems, which are relatively rare and limited in their spread to a subset of bacterial phyla (see above; TABLE 1; Supplementary information S2 (box), part d). Second, and perhaps more important, the class 2 effectors are much larger and more complex than TnpB proteins, which makes them unlikely ancestral forms. Third, the TnpB proteins are encoded in transposons, which, through * The subtype V-uncharacterized (V-U) loci were originally identified on the basis of the adjacency of tnpB genes to CRISPR arrays and the evolutionary conservation of this association. Then, this putative subtype of class 2 CRISPR-Cas systems was expanded by searching for homologues of the respective effector proteins, irrespective of their adjacency to CRISPR arrays. Hence, only about half of the V-U loci include CRISPR. ‡ Both the proposed systematic Cas names and the provisional vernacular names are used for the effectors, with the exception of type II effectors, which have only systematic names, and type V-U effectors, to which a systematic name has so far not been assigned.
their mobility, are well suited to move into the vicinity of CRISPR arrays; by contrast, CRISPR-Cas systems lack active mobility mechanisms. Finally, the observations that are reported here on the phylogeny of TnpB, in which the CRISPR-associated variants are lodged among the transposon-encoded proteins (FIG. 3a) , imply the ancestral status of TnpB.
Hypothetically, a similar scenario could apply to the type VI systems (FIG. 4) . A comprehensive database search for HEPN domain-containing proteins that are encoded Nature Reviews | Microbiology in the vicinity of CRISPR arrays failed to identify any evolutionarily stable configurations that might have been analogous to subtype V-U, whereas it detected numerous members of the HEPN-containing Cas protein families, Csm6 and Csx1 (Supplementary information S2 (box), part g). Thus, it seems possible that, during evolution, type VI systems recruited one of the HEPN-containing Cas proteins, which was followed by duplication of the HEPN domain and further expansion of the protein to the typical size of a class 2 effector (FIG. 4) . However, the possibility that type VI effectors directly originate from HEPN-containing toxins cannot be ruled out; further screening of new genomes and metagenomes for likely ancestors of the two HEPN domain proteins should establish the origin of type VI effectors.
Amended classification and proposed nomenclature.
The systematic search for novel class 2 CRISPR-cas loci described here led to a major expansion of the known diversity of these systems. Instead of the two types and four subtypes that were included in the latest classification 15 , there are now three types and at least 10 subtypes (FIG. 1) . Some uncertainty remains, owing to the lack of functional data on subtype V-U, but it seems likely that evolutionarily stable and apparently functional variants that are currently grouped into this provisional subtype, particularly V-U3, will eventually be 'upgraded' to subtypes in their own right. The functional characterization of V-U variants will provide a more precise classification, although it is likely that many V-U loci do not encode typical active CRISPR-Cas systems. Given the comprehensive nature of the search described here
, we expect that the new variants will be extremely rare or restricted in their spread to particular groups of bacteria and archaea that are not adequately represented in current sequence databases.
We believe that the expansion of the CRISPR-Cas classification calls for a corresponding change to the nomenclature, in which at least the experimentally characterized effectors and their homologues are given new names that correspond to numbered Cas proteins (FIG. 2; TABLE 1) . Thus, the type V effectors would become Cas12a, Cas12b and Cas12c, and those of type VI would become Cas13a, Cas13b and Cas13c (numerical continuity with Cas9 is not possible because Cas10 and Cas11 are already used for other proteins) 15 . We currently refrain from renaming the putative subtype V-U effectors until functional evidence of a bona fide CRISPR response for these effectors is reported, at which time we propose that they are referred to as Cas12 proteins.
Applications in genome engineering
Most applications of CRISPR systems have focused on the programmable DNA-targeting activity of Cas9. The cleavage activity of Cas9 can be harnessed for genome editing, including gene knockout and precise editing through homology-directed repair. Catalytically inactive ('dead') variants of Cas9 have been used for transcriptional control 60 , epigenetic modulation 61 and imaging [62] [63] [64] . All of these advances notwithstanding, Cas9 has its limitations, due to the potential for off-target effects, challenges that are associated with delivery and the difficulty of targeting RNA rather than DNA. Thus, alternative tools for CRISPR-mediated editing are in high demand.
Although functional characterization of the class 2 subtypes is far from complete, even at this stage, remarkable functional diversity is apparent. The manifestations of this diversity include different targets (dsDNA for type II and type V, but RNA for type VI); the requirement for tracrRNA (type II and subtype V-B, but not subtype V-A or type VI, require this), the sequence of the PAM and the type of cut that is introduced into the target nucleic acid (FIG. 5) . This functional diversity is a major incentive for further characterization of different class 2 systems, as it creates opportunities for the enhancement and expansion of the capabilities of the genome editing toolbox for research, biotechnology and medicine 65 . The use of Cas12a (better known as Cpf1) from the type V-A family of effectors has already yielded simpler, single RNA-guided and more specific enzymes than Cas9 for genome-editing applications 38, 41, [66] [67] [68] [69] [70] , as well as offering an alternative PAM that would facilitate genome editing in AT-rich genomes, such as the genome of Plasmodium falciparum.
The continued exploration of CRISPR effector diversity, such as the recently characterized type VI-A effector Cas13a (previously known as C2c2) 42 , also opens the door for the development of new RNA-guided RNA-targeting technologies that enable the perturbation, modulation, modification and monitoring of specific RNA transcripts in cells. The development of an efficient programmable RNA-binding protein (for example, of a 'dead' Cas13a that has mutated HEPN domains) could rapidly advance our existing understanding of RNA biology. Such a tool would enable the sensing of different cellular states, the manipulation of translation, and tracking of RNA levels and localization in live cells. Although Cas9 has been modified to provide some RNA-targeting capabilities 71 , this system requires the delivery of chemically modified DNA, which limits its use for many applications, including genome-wide screening or virus delivery. RNase-encoding gene next to a CRISPR cassette for type II, type V and type VI systems, respectively. During the second step, the functional connection between this protein and the CRISPR array is established and co-evolution begins, in particular, in the form of the accumulation of specific insertions that facilitate CRISPR RNA (crRNA) binding. For type V systems, the intermediate forms that correspond to the first and second step are identified as different type V-uncharacterized (V-U) variants. Additional components of the system could have originated during the second step, such as trans-acting CRISPR RNA (tracrRNA) in the case of type II systems. During the third step, further insertions lead to increased specificity of crRNA and target binding, and enable interactions with accessory proteins, such as Csn2 for type II-A and a protein with predicted transmembrane (TM) domains for type VI-B. The adaptation module is only inserted into some of the class 2 CRISPR-cas loci during the third step. TS, target site.
◀
Upon binding to a complementary RNA target, Cas13a engages both specific and nonspecific RNase activities, and induces growth inhibition in Escherichia coli 71 . This feature complicates the use of Cas13a for specific RNA knockdown, but potentially could be harnessed for other applications, such as the selective ablation of cell types based on expression profiles. It remains to be investigated whether the nonspecific RNase activity of Cas13a can be inactivated independently of its target-specific activity and whether other type VI effectors, such as Cas13b, have similar properties. Further mining of CRISPR-Cas systems, and, more broadly, of the diversity of bacterial and archaeal defence systems and of mobile genetic elements, is expected to enable new applications in biotechnology. In particular, programmable integrases or transposases that have yet to be discovered would be powerful tools for targeted genomic integration and rearrangement.
Concluding remarks
The genomic analysis that is presented here expands the diversity of class 2 CRISPR-Cas systems. In particular, the inclusion of non-autonomous CRISPR-Cas systems that lack the adaptation module, combined with the search of expanded genomic and meta genomics databases, led to the discovery of three new subtypes which, together with our previous analysis, increases the number of class 2 subtypes from 4 to 10. Furthermore, at present, one of the new subtypes, V-U, is a collection of diverse variants, some of which are expected to become new subtypes once they have been functionally characterized. It seems especially notable that the newly discovered class 2 systems all fall into the two previously defined subclasses: those that cleave the non-target strand of the target dsDNA using a RuvC-like nuclease and those that attack RNA targets using a two HEPN domain RNase. The apparent repeated emergence of these CRISPR-Cas variants might reflect strict demands for protein structure to accommodate the crRNA and the target molecule, to which only a few protein folds are conducive.
The new class 2 variants show some unprecedented functional features; for example, subtype V-A does not require a tracrRNA, whereas other variants, such as subtype VI-A (and probably all type VI systems), exclusively target RNA and seem to induce a toxic response in bacterial cells. Subtype V-U is expected to show even more unusual properties. This functional diversity
